Introduction
The ATP-binding-cassette (or ABC) transporter superfamily includes a wide variety of ATP-dependent transporter molecules of prokaryotes and eukaryotes, which are characterized by a conserved ATP-binding domain or "cassette" (Higgins et al. 1990; Hyde et al. 1990; Higgins 1992) . The ABC transporters known from vertebrates belong to four groups: ( 1) the P-glycoproteins (Pgp), whose only known function in mammals is to mediate multidrug resistance in tumor cell lines (Endicott et al. 199 1) ; ( 2) the cystic fibrosis transmembrane conductance regulators (CFTR), which play a role in chloride ion transport across membranes and are named for the disease caused by mutation to the CFTR gene in humans (Riordan et al. 1989; Diamond et al. 199 1) ; (3) the Tap transporters, which are encoded by genes located in the major histocompatibility complex (MHC) in mammals and function to transport peptides across the endoplasmic reticulum membrane for binding to class I MHC molecules Spies et al. 1990, 199 1; Trowsdale et al. 1990 ; Powis et al. 199 1; Attaya et al. 1992; ; and (4) the peroxisomal membrane protein (PMP) . The ABC transporters are characterized by two major structural features: ( 1) an integral membrane component, consisting of 5-6 a-helical membranespanning domains and ( 2) an ATP-binding region containing two ATP-binding cassettes. In many bacterial members of the superfamily and in the Tap transporters, each of these two components is found only once in a single polypeptide. By contrast, in Pgp and CFTR, each of these two components occurs twice within a single polypeptide, suggesting that there has been a past internal duplication of the gene ( Riordan et al. 1989 ). However, Chen and co-workers (Chen et al. 1990 ) have argued against the hypothesis of internal duplication, noting that the introns do not occur at corresponding locations in the two halves of the human Mdrl gene. The Tap protein has a similar structure to that of other ABC transporters, but it is a heterodimer composed of two polypeptides each including a single integral membrane YW Hughes component and a single ATP-binding region (Powis et al. 1992~) .
Here I use statistical analysis of published DNA and amino acid sequences to understand the evolution of the ABC transporter superfamily.
In particular, I examine the evolutionary relationships among the three major families of these genes found in vertebrates and their relationships with ABC transporter genes of other eukaryotes and prokaryotes; the occurrence of internal gene duplication in members of this family; and the relative rates of nonsynonymous nucleotide substitution in functionally distinct regions of ABC transporter genes. Table 1 shows DNA and amino acid sequences used in analyses presented in this paper. All these molecules are members of the ABC transporter superfamily and possess the following basic structures: ( 1) an N-terminal integral membrane region (here called "membrane anchor") including a number of transmembrane domains and ( 2) an ATP-binding region including the A and B ATP-binding cassettes. These structures are duplicated in certain of the genes (table 1); in the following these duplicated regions will be referred to as N-terminal (NTR) and C-terminal (CTR) halves of the molecule. All of the molecules analyzed here showed clear evidence of homology in the A and B cassettes and in the domain containing the two cassettes, but in the transmembrane region not all comparisons showed evidence of homology. The CFTR proteins include a domain not found in other members of the superfamily that is called RDOM because of its putative regulatory function. Located between NTR and CTR in the CFTR protein, RDOM is operationally defined as the domain encoded by the 13th of the 23 exons of the CFTR gene (Riordan et al. 1989; Diamond et al. 199 1) .
Methods

DNA Sequences Analyzed
Certain members of the ABC superfamily were included in preliminary analyses but were excluded from analyses presented here: ( 1) the mammalian peroxisomal membrane proteins (PMP) (Kamijo et al. 1990 )) which in preliminary analyses showed no homology to other members of the superfamily outside the A and B cassettes themselves; (2) prokaryotic members of the superfamily that have an N-terminal ATP-binding region and a Cterminal membrane anchor (e.g., potA of Escherichia co/i; Furuchi et al. 199 1) ) which also show no homology to other superfamily members outside the A and B cassettes; ( 3) the Mdrl gene of Plasmodium falciparum (Foote et al. 1989) ; and (4) the STE6 gene of the yeast Saccharomyces cerevisiae (Kuchler et al. 1989) . The latter two genes are characterized by an internally duplicated structure, making them structurally reminiscent of mammalian
Pgp genes. However, they were both NOTE.-Symbol is followed by GenBank accession number (in parentheses). Asterisk indicates proteins with internally duplicated structure. The Pgp and Mdr loci are numbered as by the original authors, except that mouse Pgp3 was called mdr2 by Gros et al. (1988) whereas phylogenetic trees (figs 2 and 3) clearly indicate that it is orthologous to Pgp3 of C. griseus and human.
found to be highly divergent in sequence from all other available eukaryotic members of the family. Because of numerous hypothesized alignment gaps, inclusion of these genes substantially decreased the number of amino acid residues available for phylogenetic analyses. Certain mammalian Tap loci are polymorphic (Powis et al. 1992a (Powis et al. , 1992b . However, because the purpose of the present analyses was to understand the phylogenetic relationships of major families of ABC transporters, polymorphic variants were not considered here.
Statistical Methods
Phylogenetic analyses were based on the amino acid sequences of the region containing the A and B cassettes, ABC Transport Evolution 901 which were aligned by the CLUSTAL V program . In computing evolutionary distances among a set of sequences, all codon positions at which the alignment postulated a gap in any sequence were excluded from the analysis for all sequences. Two separate phylogenetic analyses are presented here: ( 1) a phylogenetic analysis of all sequences listed in table 1, with NTR and CTR of internally duplicated molecules analyzed separately, based on 134 aligned amino acid residues, and ( 2) a phylogenetic analysis of NTR and CTR of 12 sequences related to mammalian Pgp, based on 507 aligned residues. In the former case, the aligned region included only the A and B cassettes and surrounding residues, because alignment of other regions among distantly related members of the superfamily was not reliable. In the latter case a substantial number of residues from the membrane anchor could be included. An alignment of representative sequences used in the former analysis is presented in figure 1 ; the complete alignments are available on request. Phylogenetic trees were constructed by the neighbor-joining method (Saitou and Nei 1987) based on the proportion of amino acid difference; the standard errors of internal branches were estimated by Rzhetsky and Nei's ( 1992) method.
To compare the rates of nonsynonymous nucleotide substitution in different regions of ABC transporters of different families, the number of nonsynonymous nucleotide substitutions per site ( drv) was estimated by Nei and Gojobori's ( 1986) method for the following four regions: in the membrane anchor, the transmembrane domains (TM) and the remainder of the membrane anchor, and, in the ATP-binding region, the cassettes (A and B) and the remainder of the region. The TM domains were defined following Riordan et al. ( 1989) ) Endicott et al. ( 199 1) ) and Trowsdale et al. ( 1990) . When NTR and CTR of a protein were aligned, the TM regions from the two halves overlapped but did not perfectly coincide. Thus, operationally the TM was defined to include any aligned amino acid site that was in the TM of either NTR or CTR.
To test whether nonsynonymous differences occur at random with regard to amino acid properties, the proportions of conservative (plvc) and radical (i.e., nonconservative, piR) nonsynonymous substitutions per site were estimated by Hughes et al.'s ( 1990) method. This method divides nonsynonymous sites into conservative and radical sites (or fractions of sites) according to whether a nonsynonymous difference at the site will change some qualitative amino acid residue property of interest (charge, polarity, etc.) . If pNc > PNR, this is evidence that amino acid replacements are occurring in such a way as to conserve the property of interest.
In comparisons among closely related mammalian CFTR genes and Pgp genes, evolutionary rates at syn- onymous and nonsynonymous sites were compared in order to test whether gene regions differ in the rate of mutation. For large regions, the number of synonymous nucleotide substitutions per site (ds) was estimated by Nei and Gojobori's ( 1986) method, using Jukes and Cantor's ( 1969) correction for multiple hits. Because such a correction for multiple hits can be unreliable when the number of codons compared is small, in comparisons of short regions such as individual exons the proportion of synonymous differences per site (ps) and the proportion of nonsynonymous differences per site (PN) were also estimated by Nei and Gojobori's ( 1986) method without correction. Li ( 1993) has noted that methods such as Nei and Gojobori's, which count each twofold degenerate site as one-third synonymous and two-thirds nonsynonymous, can considerably overestimate the rate of synonymous substitution when there is a bias toward transitions at such sites. Thus, Li's ( 1993) method was also used to estimate numbers of synonymous substitutions per site; as a further check for the effect of substitution at twofold degenerate sites, the proportion of difference at fourfold degenerate sites only ( P4) was also computed.
P4 was corrected for multiple hits by Kimura's ( 1980) and Tajima and Nei's ( 1984) methods (where applicable).
In practice, all these estimates of synonymous rate of evolution were highly correlated with one another. Therefore, the results of the simplest methods are reported here. In sets of pairwise compar-isons, standard errors of mean proportions of nucleotide difference and of mean numbers of substitutions per site were estimated by Nei and Jin's ( 1989) fig. 1 ). In the following, I refer to molecules such as CFTR and human Mdrl as having an "internally duplicated structure." However, in doing so, I do not imply that this structure necessarily arose as a result of direct internal duplication of the gene by intragenic unequal crossing over. The same structure may have arisen, as argued by Chen et al. ( 1990) , as a result of an original tandem gene duplication followed, perhaps much later, by formation of a hybrid gene.
Results
Phylogenetic Analyses
The phylogenetic tree based on 134 residues from the A and B cassettes and surrounding residues is presented in figure 2. The root of the tree is placed in the longest branch. The ABC transporters of eukaryotes fell into three clusters, each supported by a statistically significant internal branch; here I designate these three clusters as follows: ( 1) the Pgp family, (2) the Tap family, and ( 3 ) the CFTR family ( fig. 2 ) . The phylogenetic tree implies that the duplication of NTR and CTR of CFTR (whether it occurred as an internal duplication or as a tandem duplication) occurred as an event independent both of the duplication of NTR and CTR of Pgp and of the tandem duplication of Tap-l and Tap-2. Because NTR and CTR of CFTR are separated from each other by a significant internal branch ( fig. 2) , the tree implies that a single duplication event occurred in the history of the CFTR family.
As regards the Pgp family, the phylogeny of figure 2 does not resolve the question of how many duplication events occurred. However, when a phylogeny was constructed on the basis of 507 aligned residues from NTR and CTR of Pgp family members ( fig. 3 ), NTR and CTR were found to be separated by a statistically significant internal branch. Thus, a single duplication event occurred in the history of the Pgp family, and this event was independent of the duplication events in the CFTR and Tap families. Endicott et al. ( 199 1) argued that the gene duplication leading to three Pgp genes in rodents took place after radiation of the mammalian orders. The phylogeny in figure 3 presents strong evidence against this conjecture, since in both NTR and CTR human Pgpl clusters with rodent Pgpl, while human Pgp3 clusters with rodent Pgp3. Both of these clustering patterns received highly significant statistical support ( fig. 3) .
To understand why NTR and CTR of Pgp formed separate clusters in the phylogeny of figure 3 but not in that of figure 2, I estimated numbers of nonsynonymous nucleotide substitutions per site (dN) in pairwise comparisons among NTR regions, in pairwise comparisons among CTR regions, and in pairwise comparisons between NTR and CTR regions of Pgp genes (table 2). In the membrane anchor and in the ATP-binding domain outside the A and B cassettes, mean dN between NTR and CTR was considerably higher than that among NTR or that among CTR, and in most cases the differences were statistically significant (table 2) . Such a pattern is what is expected if, as indicated by figure 3, the duplication of NTR and CTR preceded divergence of any of the pairs of genes analyzed. By contrast, in the A and B cassettes themselves, dN between NTR and CTR was nearly equal to that among NTR and that among CTR (table 2) . This unusual pattern of nucleotide substitution indicates that there has been substantial convergent evolution at the amino acid level between the N-terminal and C-terminal ATP-binding cassettes of Pgp family members. Because the cassettes contribute a substantial proportion of the residues in the highly conserved region on which the phylogeny of figure 2 is based, this convergent evolution explains why NTR and CTR of Pgp family members do not form separate clusters in figure 2, whereas they do form such clusters in a phylogeny based on more residues from other domains ( fig. 3) .
In comparisons between NTR and CTR of Pgp genes, among NTR, and among CTR, the cassettes had far lower dN values than other regions analyzed, suggesting that the cassettes are subject to stronger purifying selection at the amino acid level than are these other regions (table 2) . However, a comparison with genes from other families of ABC transporters shows that the strong conservation of the cassettes cannot be the only explanation for convergent evolution between NTR and CTR in this region of Pgp family members. In the case of CFTR genes, even though mean dN is substantially lower in the cassettes than in other gene regions, there is no indication of convergent evolution in this region since mean dN between NTR and CTR is significantly higher than that among NTR or that among CTR (table 2). Likewise, mean dN between the cassettes of Tap-l and Tap-2 genes is significantly greater than that among Tap-l genes or that among Tap-2 genes, although in this case also dN in the cassettes is much lower than that in other regions analyzed (table 3 ) . Thus, convergent evolution in the ATP-binding cassettes is unique to the Pgp family.
ABC Transport Evolution 905
In figure 2 , the Pgp and Tap families, along with certain ABC transporters from purple bacteria, form a cluster that is separated by a highly significant internal branch from a cluster containing the CFTR family members and certain other bacterial ABC transporters. Four bacterial ABC transporters, including AprD from the purple bacterium Pseudomonas aeruginosa and three other molecules from gram-positive bacteria, fall outside the cluster including Tap, Pgp, and all other ABC transporters from purple bacteria ( fig. 2) . Excluding P. aeruginosa AprD, other molecules from purple bacteria form two well-defined families, which I have designated MsbA and HlyB after members of the families from E. coli. If the phylogeny of ABC transporters is rooted as in figure  2 , the Pgp and Tap families are more closely related to the MsbA and HlyB families of ABC transporters from purple bacteria than they are to other bacterial transporters, including those from gram-positive bacteria.
In a phylogenetic tree based only on the ATP-binding cassettes, PMP from human and mouse formed a separate cluster, apart from the Pgp, Tap, and CFTR families (data not shown). In the same tree, prokaryotic ABC transporters with N-terminal ATP-binding cassettes clustered outside other prokaryotic ABC transporters, as well as outside CFTR and PMP (data not shown). In this tree, because the number of sites available for comparison was small, the deeper branches in the tree lacked statistical significance; however, the proteins analyzed in figure 2 showed essentially the same clustering pattern as in figure 2. When yeast STE6 and Plasmodium Mdrl were included, these clustered near the Pgp family, but the clustering pattern was not supported by a significant internal branch (data not shown).
Patterns of Nucleotide Substitution
Comparisons of rates of nonsynonymous substitution in NTR and CTR of Pgp and CFTR genes showed that in most cases mean dN in CTR exceeded that in NTR (table 2) . It has been noted previously that RDOM is relatively poorly conserved at the amino acid level in comparison with other regions of the CFTR protein (Diamond et al. 199 1) . To extend the study of the rate of evolution in different regions of mammalian CFTR genes, I estimated the number of synonymous substitutions per site ( ds) and dN in comparisons among CFTR homologues from human, bovine, and mouse (table 4). The results showed that, in areas outside TM and the cassettes, dN in CTR was significantly higher than that in NTR (table 4). Because there was no parallel increase in ds in the CTR, the increased dN indicates that these regions are subject to less functional constraint in CTR 6.6 z!x 1.4b*' 85.6 I!Z 7.4d 4.2 + 1.6" 3.0 * 1.3" 15.8 + 3.7 10.1 + 1 .qb-' 12.4 + l.6a*d 41.0 f 9.2' 11.5 I!I 0.9b 10.0 + O.gb 57.4 + 2.8
NOTE.
-Tests of the hypothesis that dN in comparison among Tap-l or among Tap-2 equals the corresponding value for the comparison Tap-l vs. Tap-2: "P < 0.1; bP < .OOl. Tests of the hypothesis that dN in a given region equals the corresponding value for the ATP-binding cassettes: ' P < .Ol; dP < .OOl. Tests of the hypothesis that dN in Tap-2 equals the corresponding value for Tap-l: ' P K .Ol.
than in NTR. By contrast, dN in the CTR cassettes was significantly lower than that in the NTR cassettes (table 4), indicating that the CTR cassettes are more strongly conserved at the amino acid level than are the NTR cassettes.
Mean dN in RDOM was significantly higher than that in any other region analyzed, except for the CTR ATP-binding domain exclusive of the cassettes (table  4) . To analyze further the nature of nonsynonymous substitution in this and other regions of mammalian CFTR genes, the proportion of conservative nonsynonymous differences (pNc) and the proportion of radical nonsynonymous differences ( pNR) were computed with respect to amino acid residue charge. Overall, nonsynonymous differences conserving charge were found to occur at a significantly greater rate than those causing a charge change (table 4) . This tendency was particularly marked in the NTR and in RDOM. Thus, although nonsynonymous substitutions have occurred at a relatively high rate in RDOM, they have occurred in such a way as to conserve residue charge in this domain.
One unusual finding regarding RDOM is that both ds and dN are higher in this region than in most others (table 4) . When ps and PN were estimated for each of 35.6 zk 8.8' 5.2 + 1.8" 6.3 + 2.3 2.9 f 2.0 54.0 I!I 7.8" 11.0 + 1.4" 11.9 + 1.6 7.3 f 1.6f 82.2 + 9.5 15.1 + 1.5 17.2 f 1.7 8.4 f 1.5g
42.2 k 6.6" 8.4 + 1.5b 9.4 + 1.6 1.2 + 1.28 41.5 + 6.1' 10.6 + 1 .qaq" 9.8 + 1. NOTE.-In computing p,.,= and p,.,n, amino acid residues were categorized as positively charged (H, K, R), negatively charged (D, E), or neutral (others). Any change of category was counted as a radical change. Tests of the hypothesis that ds or dN equals the corresponding value in RDOM: "P < 0.05; bP < .O 1; ' P < .OO 1. Tests of the hypothesis that dN in CTR equals the corresponding value for NTR: dP < .05; ' P < .O 1. Tests of the hypothesis that fit = P,,,~: ' P < .05; 6P < .OO 1.
the 23 exons in the CFTR gene, they were found to vary substantially from exon to exon ( fig. 4A ). However, ps and PN were not significantly correlated with each other ( r = .373). Exon 13, which encodes RDOM, had among the highest values of both ps and PN ( fig. 4A ). This pattern is not an artifact of the way Nei and Gojobori' s ( 1986) method counts fractional synonymous sites at twofold degenerate sites, since Li' s ( 1993) method revealed the same pattern (data not shown).
The same pattern of a high synonymous rate in RDOM was also seen when only fourfold degenerate sites were considered. Figure 4B illustrates the mean proportion of nucleotide difference at fourfold degenerate sites (P4) in a sliding window of 30 sites over the entire coding sequence of the three mammalian CFTR genes. This figure shows a striking pattern of change in P4 over the length of the gene. Several peaks of nucleotide difference occur, the greatest of which corresponds to exon 13 ( fig. 4 B) . These results clearly indicate that the rate of synonymous evolution is not constant over the length of the mammalian CFTR gene and that it peaks in exon 13, which is by far the longest exon in the gene.
Discussion
Origin of Pgp and Tap Genes
If the phylogeny of ABC transporters is rooted as in figure 2 , the present analyses suggest that Pgp and Tap are more closely related to the HlyB and MsbA families of ABC transporters, so far known only in purple bacteria, than they are to other bacterial ABC transporters. Other ways of rooting the tree would imply very rapid evolution of the conserved cassette region in CFTR and/or other ABC transporter families. Molecular evidence supports the hypothesis that the mitochondia of eukaryotes originated as endosymbiotic purple bacteria ( Woese 199 1) . Therefore, a simple hypothesis to explain the relationships of Pgp and Tap genes is that they are of mitochondrial origin. Because the genomes of mitochondria are smaller than those of bacteria, it is argued that certain mitochondrial genes have been transferred to the nuclear genome (Ohyama et al. 199 1) ; this presumably happened in the case of the ancestor or ancestors of Pgp and Tap genes. However, the phylogeny does not clarify whether the ancestral Pgp gene and the ancestral Tap gene had diverged from each other prior to incorporation in the nuclear genome.
Mechanism of Internal Gene Duplication
Riordan et al. ( 1989) noted that the structure of CFTR suggests internal gene duplication, whereas Chen et al. ( 1990) argued that the absence of close correspondence between positions of introns in human Pgp is ev- idence against internal duplication but favors a model of formation of a hybrid gene from two related genes; a similar argument could be made in the case of CFTR. This argument depends on the assumption that intron boundaries are unlikely to change over evolutionary time. Further, it would seem to imply that insertion of introns occurred after tandem duplication gave rise to the two related genes that later formed a hybrid gene.
Whether introns were a primitive feature of genes ("introns early") or were inserted into genes later in the history of life ("introns late") is currently controversial (Gilbert 1978; Cavalier-Smith 1985; Kushel et al. 1990; Kersanach et al. 1994) . Clearly, if intron insertion in Pgp and CFTR occurred after internal duplication, one would not expect insertion to occur at homologous positions. Indeed, the lack of homology in the locations of introns in these two very distantly related families of ABC transporters is consistent with the introns-late model. On the other hand, there is evidence that over 908 Hughes long periods of evolutionary time originally homologous intron boundaries can change sufficiently that all evidence of homology is lost. For example, the human transferrin gene shows evidence of internal duplication, but putatively homologous exons are not always very similar in length, nor do all putatively homologous intron boundaries show evidence of sequence homology (Park et al. 1985) . Because two intron boundaries are conserved in the highly conserved ATP-binding region of Pgp and one is conserved in that of CFTR, it seems likely that the ancestral Pgp and CFTR genes had acquired introns prior to duplication and that, outside of this conserved region, sufficient mutational events have occurred to obscure the homology of intron locations in NTR and CTR.
Nucleotide Substitution in RDOM
The RDOM of CFTR was so named because of its putative regulatory function. Diamond et al. ( 199 1 ) noted that the relatively low level of amino acid conservation in this domain might seem to argue against its having an important function, but they also observed that potential sites of phosphorylation tend to be conserved among human, bovine, and mouse. The present analyses support these authors' hypothesis that, even though the primary structure of this domain is not highly conserved, functionally important features are conserved. Thus, there is a significant bias toward nonsynonymous differences that preserve residue charge rather than those that change residue charge, suggesting that the pattern of residue charge may have functional importance in this domain. Interestingly, residue charge is conserved in this domain, which has a high mean percent of charged residues (28.1%), as well as in the TM regions, which have very low mean percent charged residues (5.5% and 3.9% for TM in NTR and CTR, respectively).
It is generally assumed that the rate of synonymous substitution is constant over the length of a gene. Indeed, in a number of cases, estimates of rates of synonymous substitution in different gene regions have not revealed striking differences (Hughes and Nei 1989a; Zhou et al. 199 1) . In other cases, differences in numbers of synonymous substitutions per site in different regions have provided evidence of past interlocus recombination (Hughes and Nei 1989b; Hughes 1991 Hughes , 1992 Ohta and Basten 1992) . In the case of mammalian CFTR, of which there is evidently a single copy (Riordan et al. 1989; Trezise et al. 1992 )) interlocus recombination is not a factor. Yet there is strong evidence that the level of synonymous substitution varies over the length of the gene. Because the rate of synonymous evolution is believed to reflect the mutation rate, it must be concluded that the mutation rate is not constant over the gene and that exon 13 is a mutational hot spot. The high level of synonymous difference in exon 13 (encoding RDOM) is seen in all pairwise comparisons of CFTR genes of human, bovine, and mouse. Therefore, this region seems to have been a hot spot throughout the history of the eutherian mammals.
One factor that might increase the mutation rate is the mutability of CpG dinucleotides (Bird 1980) . The compared codons of RDOM had a slightly higher percentage of CpG dinucleotides than other regions analyzed in table 4 (2.0% as opposed to 0.6%-l .8%). However, at such low frequencies of CpG dinucleotides, such a slight difference can have had little effect on the observed difference in substitution rate. Mutations of the human 0'7" gene have been identified in exons 10 and 11, which encode, respectively a portion of the NTR between the A and B cassettes, and the N-terminal B cassette (Kerem et al. 1989; Cutting et al. 1990 ). The comparatively low values of ps seen in these exons ( fig. 4A ) support Diamond et al.'s ( 199 1) hypothesis that exons 10 and 11 are not mutational hot spots. Rather, these mutations have been identified because they cause disease, consistent with the evidence of strong purifying selection on the ATP-binding region (tables 2 and 4).
